The process by which nonenveloped viruses cross cell membranes during host cell entry remains poorly defined; however, common themes are emerging. Here, we use correlated in vivo and in vitro studies to understand the mechanism of Flock House virus (FHV) entry and membrane penetration. We demonstrate that low endocytic pH is required for FHV infection, that exposure to acidic pH promotes FHV-mediated disruption of model membranes (liposomes), and particles exposed to low pH in vitro exhibit increased hydrophobicity. In addition, FHV particles perturbed by heating displayed a marked increase in liposome disruption, indicating that membrane-active regions of the capsid are exposed or released under these conditions. We also provide evidence that autoproteolytic cleavage, to generate the lipophilic ␥ peptide (4.4 kDa), is required for membrane penetration. Mutant, cleavage-defective particles failed to mediate liposome lysis, regardless of pH or heat treatment, suggesting that these particles are not able to expose or release the requisite membrane-active regions of the capsid, namely, the ␥ peptides. Based on these results, we propose an updated model for FHV entry in which (i) the virus enters the host cell by endocytosis, (ii) low pH within the endocytic pathway triggers the irreversible exposure or release of ␥ peptides from the virus particle, and (iii) the exposed/released ␥ peptides disrupt the endosomal membrane, facilitating translocation of viral RNA into the cytoplasm.
Flock House virus (FHV), a nonenveloped, positive-sense RNA virus, has been employed as a model system in several important studies to address a wide range of biological questions (reviewed in reference 55). FHV has been instrumental in understanding virus structure and assembly (17, 19, 45) , RNA replication (2, 3, 37) , and specific packaging of the genome (33, 44, 53, 54) . Studies of FHV infection in Drosophila melanogaster flies have provided valuable information about the antiviral innate immune response in invertebrate hosts (29, 57) . FHV is also used in nanotechnology applications as an epitope-presenting platform to develop novel vaccines and medical therapies (31, 48) . In this report, we use FHV as a model system to further elucidate the means by which nonenveloped viruses enter host cells and traverse cellular membranes.
During cell entry enveloped and nonenveloped viral capsid proteins undergo structural rearrangements that enable the virus to breach the membrane bilayer, ultimately releasing the viral genome or nucleocapsid into the cytoplasm. These entryrelated conformational changes have been well characterized for enveloped viruses, which use membrane fusion to cross membrane bilayers (reviewed in reference 59). However, the mechanisms nonenveloped viruses employ to breach cellular membranes are poorly defined. Recently, significant parallels in the mechanisms of cell entry have emerged for a diverse group of nonenveloped viruses. Specifically, programmed capsid disassembly and release of small membrane-interacting peptides appear to be a common theme (reviewed in references 4 and 50).
The site of membrane penetration depends upon the route of virus entry into the cell. Viruses can enter host cells via several distinct pathways, including clathrin-mediated endocytosis, caveolae-mediated endocytosis, lipid raft-mediated endocytosis, and macropinocytosis (reviewed in reference 40). The two primary routes of virus entry are clathrin-mediated endocytosis, where viruses encounter an acidic environment, and caveolae-mediated endocytosis, which is pH neutral. Many nonenveloped viruses, including adenovirus (24, 52) , parvovirus (6) , and reovirus (34, 49) , require acidic pH during entry. However, numerous nonenveloped viruses have acid-independent entry mechanisms, including rotavirus (28) , polyomavirus (43) , simian virus 40 (41, 51) , and several members of the picornavirus family (7, 14, 32, 42) .
Upon reaching the appropriate site of membrane penetration, nonenveloped virus capsid proteins are triggered by cellular factors, such as receptor binding and/or exposure to low pH within endosomes, to undergo conformational changes necessary for membrane interactions. These tightly regulated structural rearrangements may include capsid disassembly, exposure of hydrophobic regions, and/or release of membranelytic factors. For example, low pH within endosomes triggers adenovirus capsid disassembly, leading to the release of the membrane lytic protein VI (24, 60) . In contrast, poliovirus is activated for membrane penetration by a pH-independent mechanism. Receptor binding triggers the poliovirus capsid to undergo a conformational change, resulting in the exposure of the N terminus of VP1 and the release of VP4 (18, 23) , both of which facilitate membrane interactions (20) . Notably, even though some viruses, such as reovirus, enter cells via an acidic endocytic pathway, membrane penetration is not acid activated (16) , indicating that exposure to low pH and membrane penetration are not always mutual events.
The overall simplicity of the FHV capsid, composed of a single gene product, along with the wealth of available highresolution structural information (reviewed in reference 45) make FHV an ideal candidate for understanding nonenveloped virus entry and infection. FHV, a member of the family Nodaviridae, is a nonenveloped insect virus with a bipartite RNA genome surrounded by an icosahedral protein capsid. The quasi-equivalent Tϭ3 virion (ϳ300-Å diameter) is initially composed of 180 copies of a single coat precursor protein ␣ (44 kDa). Following capsid assembly the ␣ protein undergoes autocatalytic cleavage to generate two particle-associated cleavage products, a large N-terminal fragment, ␤ (39 kDa), and a small C-terminal fragment, ␥ (4.4 kDa) (22) , creating the infectious virion (46) . Mutant FHV particles that do not undergo autocatalytic cleavage, and therefore cannot release the ␥ peptide, are not infectious (46) . It has been hypothesized that these particles are noninfectious because they cannot mediate membrane penetration, but this has never been shown directly.
The FHV X-ray structure revealed that the ␥ peptides were located inside the capsid shell with residues 364 to 385 forming amphipathic helices (19) . Subsequent studies showed that the FHV capsid is dynamic, with ␥ transiently exposed to the exterior of the capsid (11) . These findings led to a structurebased model of FHV membrane disruption in which the dynamic ␥ peptides are reversibly exposed to the surface of the capsid (11), "sampling" the environment until they encounter the appropriate cellular trigger. The virus is then activated to undergo an irreversible conformational change in which the ␥ helical bundles located at each fivefold axis are externalized and released from the virus particle (17, 19) . Upon release, the ␥ pentameric helical bundles are predicted to insert into and create a local disruption of the membrane bilayer to allow the RNA to enter the cytoplasm (10) .
While biochemical and structural studies have provided the foundation for a model of FHV cell entry, more rigorous in vivo and in vitro studies are necessary to confirm the ideas put forth in this model. Here, we clarify the route of FHV entry and characterize the tightly regulated events required for FHV membrane penetration. We demonstrate for the first time that low endocytic pH is required for FHV infection, that acidic pH promotes FHV membrane penetration, and that particles exposed to low pH exhibit increased hydrophobicity. In addition, we provide evidence that mutant, cleavage-defective particles are blocked specifically at the membrane penetration step during cell entry. Taken together, these findings offer an experimentally supported model of FHV entry into host cells. In addition, these results add to the accumulating evidence that nonenveloped viruses employ common mechanisms to traverse cellular membranes.
MATERIALS AND METHODS

Cells and viruses.
Schneider's line 1 and line 2 Drosophila melanogaster cells (DL-1 and S2, respectively) were grown in Schneider's insect medium (Sigma) supplemented with 15% heat-inactivated fetal bovine serum (Gibco) and penicillin (100 U/ml)-streptomycin (100 g/ml) (Gibco) as described previously (21) . FHV particles were purified from infected or transfected DL-1 cells using established protocols (44) . Mutant virus particles were prepared from existing clones as previously described (46) . Electron microscopy. Samples were prepared for electron microscopy as previously described (56) . FHV particles were stained with 2% Nano-W (methylamine tungstate; Nanoprobes). The samples were viewed using a Phillips CM 100 transmission electron microscope at 100 keV.
Infectivity experiments. FHV growth in DL-1 cells was monitored in the presence or absence of NH 4 Cl or bafilomycin A1 (Sigma). DL-1 cells (2 ϫ 10 6 cells/ml) were preincubated in growth medium with or without inhibitor at 4°C for 1 h. Following pretreatment, the cells were pelleted (500 ϫ g) and resuspended in growth medium (with or without inhibitor) at a concentration of 4 ϫ 10 7 cells/ml. FHV was added at a multiplicity of infection (MOI) of 1 PFU per cell and the virus was allowed to attach to cells at 4°C for 1 h. Following attachment, cells were diluted to a concentration of 2 ϫ 10 6 cells/ml in growth medium (with or without inhibitor) and 2 ϫ 10 6 cells/well were added to a 12-well plate. The plates were transferred to 27°C, and samples were collected and frozen at either 0 or 24 h postinfection. Cell lysates were generated by freezethawing the samples, and FHV infectious titers of the lysates were determined by plaque assay as described previously (46) . The amount of FHV progeny produced during the 24-h growth period was determined by the following equation: (log 10 titer at 24 h) Ϫ (log 10 titer at 0 h).
Determination of cell viability. Trypan blue staining was used to determine cell viability. Cells were incubated (2 ϫ 10 6 cells/well in a 12-well plate) at 27°C for 24 h in growth medium containing the indicated concentration of NH 4 Cl or bafilomycin A1. Cells were resuspended, mixed 1:1 with 0.4% trypan blue solution (Sigma), and scored as dead/dying (stained) or living (not stained). At least 500 cells were scored for each sample.
Liposome dye release assay. Liposomes composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC; Avanti Polar Lipids, Inc.) containing the entrapped fluorescent dye sulforhodamine B (SulfoB; Invitrogen/Molecular Probes) were prepared as described previously, with slight modifications (8) . Briefly, DOPC lipids dissolved in chloroform were dried under nitrogen gas and rehydrated in 50 mM HEPES (pH 7.0) containing 100 mM SulfoB to a final lipid concentration of 1.0 mg/ml (1.2 ϫ 10 Ϫ3 M). The lipid suspension was disrupted by three freeze-thaw cycles in liquid nitrogen and passed through a lipid extruder (Avanti Polar Lipids, Inc.) equipped with a 0.1-m polycarbonate membrane filter. The liposomes containing entrapped SulfoB were separated from free fluorescent dye using a PD-10 size exclusion column (GE Healthcare) equilibrated with 50 mM HEPES (pH 7.0).
To measure FHV-mediated dye release from liposomes, a 100-l reaction mixture was prepared containing 1.5 l FHV (1.1 ϫ 10 Ϫ9 to 5.3 ϫ 10 Ϫ8 M final concentration), 1.0 l SulfoB liposomes (1.2 ϫ 10 Ϫ5 M final concentration), and 97.5 l buffer of the indicated pH. The molar concentration of gamma peptides was determined by multiplying the FHV molar concentration by 180 (the number of copies of ␥ peptides per virus particle). The amount of liposomes used in these experiments was determined empirically to optimize the level of signal to noise, and a 1-l volume was used for all experiments. All reactions were carried out at 20°C. The extent of FHV-mediated liposome rupture was determined by measuring the increase in fluorescence due to dequenching of SulfoB. Fluorescence intensity was measured with a Cary Eclipse fluorescence spectrophotometer (Varian) using an excitation wavelength of 535 nm and an emission wavelength of 585 nm. Triton X-100 was added to liposomes to a final concentration of 0.1% (wt/vol) to determine 100% SulfoB release. The percent SulfoB released was calculated using the following equation: percent SulfoB released ϭ 100 ϫ [(F sample Ϫ F blank )/(F TX100 Ϫ F blank )], where F sample is the fluorescence intensity measured for each sample, F TX100 is the fluorescence intensity in the presence of 0.1% TX-100, and F blank is the fluorescence intensity in the absence of virus.
To test the reversibility of FHV pH-dependent membrane disruption, FHV particles were incubated in 20 mM bis-Tris, pH 6.0, for 1 h at 22°C, diluted 10-fold in 100 mM HEPES, pH 7.0, and incubated for 1 to 20 h at 22°C. The pH of the neutralized solution was confirmed by performing the same dilution on a larger scale and measuring the resulting pH with a pH meter (Accumet Research). The neutralized particles were added to SulfoB-loaded liposomes at a concentration of 0.1 mg/ml and incubated for 20 min at 20°C, and SulfoB fluorescence was measured as described above.
bis-ANS fluorescence of FHV. bis-4,4-Dianilino-1,1-binaphthyl-5,5-disulfonic acid, dipotassium salt (bis-ANS) was obtained from Invitrogen/Molecular Probes. To measure bis-ANS binding to FHV, a 100-l reaction mixture was prepared containing 10 g FHV, 50 g bis-ANS, and buffer of the indicated pH. The amount of bis-ANS fluorescence was measured for each pH condition VOL. 83, 2009 ACIDIC pH AND AUTOCLEAVAGE AID FHV CELL ENTRY 8629 following a 60-min incubation. Fluorescence intensity was measured with a Cary Eclipse fluorescence spectrophotometer (Varian) using an excitation wavelength of 405 nm and an emission wavelength of 485 nm. bis-ANS fluorescence intensity (I) was calculated using the following equation: I corrected ϭ I sample Ϫ I blank , where I sample is the fluorescence intensity measured for each sample and I blank is the fluorescence intensity in the absence of virus. Preparation of heat-treated FHV for the liposome dye release assay. In order to minimize nonspecific protein binding to the surface of the tube, all reactions were carried out in siliconized low-retention microtubes (Fisher Scientific) . For each sample, 0.1 mg/ml FHV in 50 mM HEPES, pH 7.0, was incubated as indicated at 22°C, 45°C, 65°C, or boiled for 10 min. Following incubation at the appropriate temperature, the samples were cooled on ice for 10 min. The liposome dye release assay was performed as described above; each reaction mixture contained 10 l of heat-treated virus particles (0.01 mg/ml; 1.1 ϫ 10 Ϫ9 M final concentration), 1 l SulfoB-loaded liposomes, and 89 l 50 mM HEPES, pH 7.0.
RESULTS
FHV infection requires acidic endocytic pH.
To determine whether FHV entry is pH dependent, the lysosomotropic agent NH 4 Cl or the vacuolar H ϩ ATPase inhibitor bafilomycin A1 was used to raise the pH of the endocytic compartment during FHV infection. DL-1 cells were infected with FHV at an MOI of 1 PFU/cell in growth medium containing increasing concentrations of NH 4 Cl or bafilomycin A1. At 24 h postinfection, viral growth was measured by plaque assay. As the concentration of NH 4 Cl or bafilomycin A1 in the growth medium was increased, the infectivity decreased ( Fig. 1) , indicating low endocytic pH is required for FHV infection. In addition, trypan blue exclusion was used to show that the concentrations of NH 4 Cl and bafilomycin A1 used in these experiments were not toxic to uninfected DL-1 cells (Fig. 1) .
We then investigated whether FHV particles exposed to low pH in vitro prior to infection could circumvent the need for low endocytic pH during infection. FHV particles were incubated at pH 6.0 at 22°C for 1 h prior to infection. The virus was then diluted in growth medium (pH 7.6) containing 50 mM NH 4 Cl or 50 nM bafilomycin A1 and added to DL-1 cells at an MOI of 1 PFU/cell. At 24 h postinfection, viral growth was measured by plaque assay. In contrast to untreated FHV, virus particles that were preincubated at pH 6.0 were highly infectious in the presence of 50 mM NH 4 Cl or 50 nM bafilomycin A1 (Fig. 1) . This indicates that low endocytic pH is not required during FHV entry if virus particles have already been exposed to low pH in vitro. In addition, this result provides further evidence that NH 4 Cl and bafilomycin A1 specifically block infection by inhibiting endosomal acidification. To address the possibility that the FHV capsid is denatured or unstable at low pH, particles were analyzed by negative stain electron microscopy. FHV particles that had been incubated at pH 5.0, 6.0, or 7.0 for 1 h prior to staining with methylamine tungstate (pH 6.8) revealed no apparent morphological differences ( Fig. 2A to C) . In addition, these low pH-treated FHV particles displayed identical sucrose gradient sedimentation profiles, suggesting no largescale conformational changes had taken place (data not shown).
FHV mediates fluorescent dye release from preloaded liposomes in a concentration-and pH-dependent manner. Considering the finding that low pH is required for FHV entry into cells, we hypothesized that low pH may be required to trigger virus-membrane interactions. To test this, liposomes composed of phospatidylcholine were used as an artificial membrane system, and the capacity of FHV to disrupt the integrity of the liposomal membranes was monitored by the release of an entrapped self-quenching fluorescent dye. For these experiments, the fluorescent dye SulfoB was used, since its fluorescence emission is insensitive to pH.
To test whether FHV can permeabilize membranes using this in vitro assay, SulfoB-loaded liposomes were incubated with increasing concentrations of FHV at pH 7.0, and fluorescent dye release was measured as a function of time. As the concentration of FHV increased from 0.01 mg/ml to 0.5 mg/ml, the extent of dye release increased (Fig. 3A) . To test the effect of pH on FHV-mediated membrane penetration, the same experiment was repeated at pH 6.0. At pH 6.0, a similar pattern of concentration dependence was observed; the extent of dye release from liposomes increased as the concentration of FHV increased from 0.01 mg/ml to 0.5 mg/ml (Fig. 3B) . How- Samples were harvested at 24 h postinfection, and infectious titers were determined by plaque assay. The amount of FHV progeny produced (log 10 growth) was determined by the log 10 titer at 24 h minus the log 10 titer at 0 h. Each bar represents the average Ϯ standard deviation of three independent infections. Cell viability was determined by incubating uninfected cells in growth medium containing the indicated concentration of NH 4 Cl or bafilomycin A1. After 24 h of incubation, the proportion of viable cells (percent viability) was determined by trypan blue staining.
ever, for each FHV concentration tested, the kinetics of fluorescent dye release from liposomes was higher at pH 6.0 than at pH 7.0 ( Fig. 3A and B) . In addition, liposomes incubated at pH 6.0 in the absence of FHV did not release dye, indicating the integrity of the liposomal membrane was not affected by pH alone (Fig. 3B) . These results agree with our hypothesis that when FHV particles are exposed to low pH within endosomes, the virus becomes activated to permeabilize cellular membranes.
We next sought to examine whether the observed increase in membrane activity at pH 6.0 was reversible. To test this, FHV particles were incubated at pH 6.0 for 1 h, after which the particles were neutralized in pH 7.0 buffer and incubated for an additional 1 to 20 h. These particles were added to SulfoBloaded liposomes and the fluorescence was measured following a 20-min incubation. As controls, FHV particles that had been preincubated at pH 6.0 or pH 7.0 for 1 h mediated ϳ91% and ϳ23% dye release from liposomes, respectively (Fig. 4A) . Particles that had been incubated at pH 6.0 prior to being neutralized maintained high levels of membrane-lytic activity, regardless of the neutralization time, and mediated similar levels of liposome dye release as pH 6.0-treated particles that had not been neutralized (Fig. 4A) . These findings indicate that the observed low-pH-induced membrane-lytic activity is not reversible.
To further investigate the effect of pH on FHV-mediated dye release, FHV was incubated with dye-loaded liposomes in buffer ranging from pH 5.0 to 7.0, and SulfoB release was measured following a 20-min incubation. The highest level of FHV-mediated fluorescent dye released from liposomes occurred at pH 6.0 (Fig. 4B) , with ϳ90% of the dye released. At pH 5.0 and 5.5, ϳ60% and ϳ80% dye release from liposomes was observed, respectively. However, little fluorescent dye release, ϳ20 to 25%, was observed at pH 6.5 or pH 7.0. In addition, liposomes incubated in buffer pH 5.0 to 7.0 in the absence of FHV did not release dye, indicating that dye release was not affected by pH alone (data not shown). These results support a model in which FHV has little membrane-lytic activity while in the extracellular space (pH ϳ6.5 to 7.0) and is triggered for membrane penetration within early endosomes (pH ϳ5.9 to 6.0), late endosomes (pH ϳ5.6 to 6.0), or lysosomes (pH ϳ5.0 to 5.5) (36, 61) . , were tested in the liposome dye release assay. These cleavagedefective particles assemble and package the FHV genome normally; however, these particles are noninfectious (46) , presumably because the ␥ peptide is not available to mediate membrane penetration. To investigate the role of ␥ in FHV-mediated liposome dye release, cleavage-defective particles were incubated with liposomes in buffer ranging from pH 5 to 7 and SulfoB release was measured after 20 min. Under all of the pH conditions tested, cleavage-defective particles mediated only a low level, ϳ10 to 20%, of dye release from liposomes (Fig. 4B ). This result indicates that maturation cleavage, to generate the ␥ peptide, is required for FHV membrane penetration and supports the current model of FHV entry.
Hydrophobicity of FHV particles increases at acidic pH. Based on the finding that low pH promotes FHV membrane penetration, we predicted acidic pH may induce the virus particles to undergo a conformational change in which previously buried hydrophobic sequences become exposed. To examine changes in hydrophobicity we used the small molecule bis-ANS, which fluoresces upon binding to surface-accessible hydrophobic protein sequences (35) . bis-ANS binding is driven primarily by interactions between the aromatic rings of the bis-ANS molecule and hydrophobic regions of proteins (13) . Either wild-type FHV (FHV wt ) or FHV D75N particles were incubated with bis-ANS in buffer ranging from pH 5 to 7, and fluorescence was measured following a 1-h incubation. Both FHV wt and FHV D75N particles displayed a similar pattern of bis-ANS fluorescence, with the largest increase in bis-ANS binding at pH 6.0 (Fig. 4C) . The finding that capsid hydrophobicity peaks at pH 6.0 correlates with the pH dependence of FHV membrane-lytic activity, suggesting this pH optimally induces FHV particles to expose hydrophobic membrane-active regions of the capsid. The finding that FHV D75N particles undergo this pH-dependent increase in hydrophobicity suggests that these particles can undergo some, but not all, of the transitions required for membrane penetration.
Disrupted FHV particles mediate membrane penetration. One role of acidic pH within the endosomal compartment may be to destabilize the FHV capsid, allowing membrane-active (Fig. 5A) . In contrast, FHV particles that had been heated at 65°C or boiled readily mediated 100% SulfoB release from liposomes (Fig. 5A) . These results suggest that the portion of the capsid that mediates membrane penetration is made accessible or released when the FHV capsid is perturbed by heating. Analysis of these heat-treated particles by negative stain microscopy confirmed that the capsid integrity of these particles was severely compromised (data not shown).
To test whether cleavage-defective particles can facilitate membrane penetration once disrupted by heating, the experiment described above was repeated with FHV D75N particles. Consistent with previous results, FHV D75N particles that had been incubated at 22°C in pH 7.0 buffer mediated approximately 20% SulfoB release after 20 min (Fig. 5B) . In contrast to FHV wt particles, FHV D75N particles incubated at higher temperatures did not show an increased capacity to mediate dye release from liposomes (Fig. 5B) . The levels of FHV D75N -mediated liposome lysis incrementally decreased as the particles were incubated at higher temperature, likely due to particle aggregation. These findings confirm that autocatalytic cleavage, to generate the ␥ peptide, is required for membrane penetration. Furthermore, these results suggest that heattreated FHV D75N particles cannot mediate membrane disruption because these particles are not able to expose or release the requisite membrane-active regions of the capsid, the ␥ peptides.
DISCUSSION
Models of FHV entry have been previously proposed based on structural and limited biochemical information; however, little concrete data were provided to substantiate these models. Here, we provide the first evidence that FHV enters cells via an acidic endocytic pathway and that low pH is required for FHV infection. In addition, we used dye-loaded liposomes to demonstrate that virus particles can disrupt model membranes in the absence of any other cellular components and that FHVmediated dye release from liposomes occurs optimally at acidic pH (pH Յ 6.0). Particles incubated at low pH exhibited increased hydrophobicity, which correlated with the optimal pH of FHV membrane-lytic activity. We also show that noninfectious cleavage-defective particles fail to permeabilize liposomes, providing the first biochemical evidence that these mutant particles are blocked at the membrane penetration step during cell entry. These results offer new and novel insights into the mechanism of FHV entry and membrane penetration and differ significantly from prior studies of FHV membrane disruption, as physiologically relevant virus particles were used in the membrane penetration assays rather than a synthetic version of the ␥ peptide.
The findings described here support a model in which FHV enters cells by acid-dependent endocytosis and that low pH within the endocytic pathway triggers the virus to undergo the transitions necessary to penetrate the endosomal membrane (Fig. 6) . We predict that at neutral pH the ␥ peptides are largely sequestered inside the capsid shell. Exposure to low endocytic pH during cell entry induces the capsid to undergo an irreversible conformational change in which the ␥ peptides are externalized or released from the virus particle, and ultimately, these liberated or particle-associated ␥ peptides facilitate disruption of the endosomal membrane. This is a new and updated model of FHV membrane disruption, as previous models did not include an acidic pH component. In addition, this model now specifies where in the infectivity pathway cleavage-defective particles are blocked. This model fits a common paradigm of nonenveloped virus entry in which virus penetra- We found that FHV particles that had been preincubated at pH 6.0 in vitro (equivalent to the pH found inside early endosomes) no longer required low endocytic pH during infection. Based upon these findings, we hypothesize that during a normal FHV infection, low pH inside endosomes triggers the virus particle to adopt a membrane-active conformation. However, if virus particles are pretreated at pH 6.0, the virus can undergo this low pH conformational change in vitro prior to infection (Fig. 6) . While the nature of this conformational change remains to be fully characterized, experiments using bis-ANS revealed that FHV particles expose hydrophobic regions when incubated at pH 6.0. Furthermore, this increase in capsid hydrophobicity at pH 6.0 correlated with the optimal pH of FHV membrane lytic activity, consistent with a model in which endocytic pH induces FHV particles to expose hydrophobic, membrane-active regions of the capsid.
The finding that cleavage-defective particles have compromised membrane penetration activity has significantly advanced our understanding of the role of autocatalytic cleavage during FHV infection. Previously, cleavage-defective mutants were shown to be noninfectious (46); however, it was not determined which specific step in the infectivity pathway was blocked. It has been hypothesized that cleavage-defective particles are noninfectious because these particles cannot release the putative membrane-lytic ␥ peptide, and as a result, cannot facilitate membrane penetration during entry. In this report we provide the first biochemical evidence to support this model by demonstrating that cleavage-defective mutants have a decreased capacity to disrupt model membranes. Furthermore, perturbation of these particles by low pH or heating does not enhance membrane-lytic activity, suggesting partial capsid disassembly is not sufficient to restore membrane activity and the ␥ peptides must dissociate from the particle.
It remains possible that either particle-associated ␥ peptides or released ␥ peptides mediate membrane disruption (Fig. 6) . The finding that cleavage-defective particles, which do not contain a dissociable form of the ␥ peptide, are competent to mediate low levels of liposome disruption (albeit, much less than wild-type FHV) suggests ␥ peptide release is not required. The residual membrane penetration activity of cleavage-defective particles can be explained by the finding that the ␥ peptide region of cleavage-defective particles is transiently exposed to the capsid surface, similar to what is observed in wild-type virus particles (12) ; therefore, it is likely that ␥ peptides can mediate a low level of membrane-lytic activity when surface exposed (a similar line of reasoning can be used to explain why FHV wt particles mediate low levels of liposome disruption at neutral pH). Nonetheless, cleavage-defective particles did not approach wild-type levels of membrane-lytic activity, even when the capsid was severely disrupted by a denaturing temperature, suggesting release of the ␥ peptides may be a critical component of FHV membrane disruption.
The finding that heat-treated FHV wt particles readily mediate liposome disruption suggests membrane-interacting regions of the capsid that were previously buried or inaccessible FIG. 6 . Updated model of FHV membrane penetration. Prior to infection, the ␥ peptides (shown as helices) are noncovalently associated with the interior of the FHV capsid. During uptake into the host cell, FHV is exposed to acidic pH within the endocytic compartment. Acidic endosomal pH irreversibly triggers the virus to undergo partial disassembly and the ␥ peptides are externalized (step a) or released from the virus particle (step b). Released or particle-associated ␥ peptides insert into and create a local disruption of the endosomal membrane to facilitate translocation of the RNA or nucleocapsid into the cytoplasm (steps c and d, respectively). Inhibitors that raise endocytic pH, such as NH 4 Cl and bafilomycin A1, block the low-pH-induced uncoating step (blocked at step a). However, capsid disassembly can be initiated by exposing FHV particles to acidic pH in vitro prior to infection, and these particles no longer require low endosomal pH (step a is bypassed). FHV cleavage-defective mutants also undergo a conformational change upon exposure to acidic pH inside endosomes but cannot fully permeabilize membranes because these particles cannot release the ␥ peptide (blocked at step b).
become exposed or released once the capsid is partially disassembled by heat. The finding that particles incubated at Ն65°C, but not at Յ45°C, exhibited increased membrane-lytic activity is consistent with a previous report which demonstrated that the FHV capsid is highly stable at temperatures lower than 65°C (47) . It is interesting that particles incubated at boiling temperature for 10 min maintained a high level of membrane-lytic activity, indicating that the membrane-active moieties are not denatured and remain functional following this harsh treatment. Perhaps the most significant result of these heat treatment studies is the finding that heat-treated cleavage-defective particles do not mediate dye release from liposomes, suggesting partial capsid disassembly is not sufficient to supply membrane-lytic activity and the ␥ peptides must dissociate from the particle.
An intriguing observation is the concentration dependence of FHV-mediated liposome rupture. At both pH 6.0 and 7.0, the amount of dye released from liposomes increased as the concentration of FHV increased. A similar pattern of concentration-dependent dye release from liposomes was observed using a synthetic version of the ␥ peptide corresponding to the 21-residue N-terminal amphipathic helical region of ␥ (denoted ␥ 1 ) (10, 30); notably, a much lower concentration (25-to 100-fold-lower molar equivalent) was required to disrupt liposomes when full-length ␥ was supplied from FHV particles versus the synthetic ␥ 1 peptide. Based on this observed concentration dependence, it is tempting to speculate that the released ␥ peptides may act in concert to form a pore or cause disruption of the membrane bilayer. It is also possible that endocytosis may function to compartmentalize and concentrate released ␥ peptides at the site of membrane penetration. If the ␥ peptides do act in concert, one might expect the released peptides to form higher-order oligomers. Indeed, the structure-based model of FHV membrane penetration predicts that pentameric helical bundles of ␥ peptides are released from each fivefold axis (19) .
The model of FHV entry put forth in this report is supported by a recent study that suggests acidic pH and ␥ peptide release may play a role during the FHV entry process (56) . A putative entry intermediate, termed the eluted particle, is a particle type that dissociates from cells after initial binding. Eluted particles were shown to have lost approximately 25% of their ␥ peptides (56), consistent with ␥ being released from virus particles during entry. In addition, eluted particles, but not naïve FHV particles, were shown to aggregate (as judged by sucrose gradient sedimentation) when exposed to a pH below 6.2 (56) . This sensitivity to low pH may be indicative of conformational changes that occur as a result of receptor binding, which render the virus capsid susceptible to disassembly once exposed to low pH within the endocytic pathway. The findings presented in the current study agree with the previous report, as we also showed that low pH-treated naïve particles do not undergo any large-scale conformational changes (as judged by negative stain electron microscopy and sucrose gradient sedimentation). However, we have now extended the analysis to demonstrate that low-pH-treated naïve particles undergo subtle conformational changes not detected in the previous study, even in the absence of receptor binding. Eluted particles provide evidence that binding of FHV to its cellular receptor initiates entry-related conformational changes, and viral uncoating progresses within acidic endosomes. Since the FHV receptor has yet to be identified, the role of receptor binding was not addressed in this study. However, it is possible that a combination of cellular factors contribute to FHV uncoating and membrane penetration.
Whether FHV forms a small membrane-spanning pore or causes a large-scale disruption of the membrane remains to be determined. Biophysical studies of the ␥ 1 peptide bound to membrane bilayers in vitro demonstrate that the ␥ 1 peptide is positioned parallel to the lipid bilayer, with the hydrophobic face of the helix packed against the membrane surface (9, 10, 27). These findings suggest that the ␥ 1 peptide inserts only into the outer leaflet of the lipid bilayer, favoring a model in which the peptide causes localized disruption of the membrane rather than forming a membrane-spanning pore. One caveat of these studies is that the synthetic ␥ 1 peptides may not behave the same as full-length ␥ peptides in the context of the virus particle. Therefore, now that we have developed a method to study membrane penetration in the context of the virus particle, we plan to further address ␥ peptide membrane interactions.
While this study has provided new details and advanced our understanding of the mechanism of FHV membrane penetration, numerous questions remain. One unresolved issue is whether the RNA genome segments or the entire nucleocapsid is translocated across the membrane into the cytoplasm. Since the FHV genome segments are functional mRNAs, it has been postulated that only the viral RNA enters the cell cytoplasm, but this has never been shown conclusively. Another outstanding question is whether, in addition to its role as a membranelytic factor, ␥ serves additional functions during membrane penetration. An additional role of the ␥ peptide may be to deliver the viral RNA to the site of membrane penetration or into to the cytoplasm. The C terminus of ␥ is known to bind RNA (44) . Therefore, it is possible that the viral RNA remains associated with the ␥ peptides as they are released from the capsid interior, and the RNA travels along with the ␥ peptides to the site of membrane penetration or into the cytoplasm. Studies are currently under way to address the role of the RNA binding region of ␥ in membrane penetration (5) .
The model of FHV membrane penetration presented herein bears striking resemblance to that of other nonenveloped viruses. Several nonenveloped viruses are primed by proteolytic cleavage (in many cases autoproteolytic cleavage) to generate a small hydrophobic peptide. During infection, these mature virions undergo conformational changes in response to cellular stimuli, whereby this small lipophilic peptide is released from the particle and ultimately mediates membrane penetration. For example, poliovirus is primed by autocatalytic cleavage to generate the N-myristolyated VP4 peptide (26) . Poliovirus binding to its cellular receptor triggers the release of the VP4, which (along with the N terminus of VP1) facilitates membrane penetration (18, 23, 20) . Similarly, reovirus is primed by autocatalytic cleavage to generate the N-myristolyated 1N peptide (38) . While the cellular trigger is not known, the 1N peptide is released from virus particles during membrane penetration (15, 39) , and liberated 1N directly mediates pore formation in membranes (1, 25) . Adenovirus is primed by proteolytic cleavage (by a virally encoded cysteine protease) to generate the lipophilic protein VI peptide (58) . During infec-tion, endosomal pH triggers adenovirus to undergo a conformational change in which protein VI dissociates from the capsid and mediates membrane disruption (24, 60) .
In this report, we have complemented in-cell infectivity experiments with in vitro assays to show that FHV enters cells by endocytosis and is activated by acidic pH to adopt a membrane active conformation. We propose a model in which acidic endosomal pH prompts virus disassembly, leading to the irreversible exposure and/or release of the membrane-lytic ␥ peptides. These studies offer new insights into the early steps of FHV infection and support a model of virus entry that is widely applicable to a diverse group of nonenveloped viruses.
